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ABSTRACT

A single-scattering atmospheric radiative transfer model is de-

rived and described. This model, based only on ground level measure-

ments, can be used to predict the spectral and directional character-

istics of radiation incident c:. a ground target from the sui and the

c'oudless daytime sky in the absence of discontinuities such as inversion

layers. Wavelengtns from 0.4 to 1.7 microns are considered.

Th.e model makes use of available information or. the scattering

and absorbing properties of atmospheric constituents and the distri-

buziou of t,,ese constituents with altitude. The final result is in

the form 'f a function that can be integrated by computer to deternine

the spectral irradiance on the target from a preselected segment of

the clear daytim, sky. Detailed discussions of error sources and model

limitations are included.
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I. BACKGROUND

Reflectance modeling for natural sources of irradiation is a part

of a comprehensive ground target signature modeling program. The

objective of this research is to develop a unified methodology, vis.

predictive and empirical modeling of the basic fundamental physical

phenomena that are involved in the application of ground target and

background signatures to the design and evaluation of target acquisi-

tion systems, terminal homing systems and countermeasures.

SThe natural sources of irradiation to be considered include the

sun, s'y and ground during the day and the moon, sky and ground at

night. The precedure to be followed in modeling these sources is the

same for the daytime and nighttime cases except that at night an air-

glow term must be added to the sky input. The wavelengths of interest

start in the visual part of the spectrum (0.4 micron) and extend to

the wavelength at which reflected energy is negligible compared to the

emitted energy. This upper wavelength has been selected to be 3.5

microns. The wavelength increment must be small enough to permit sen-

sor optimization studies to be performed but large enough that the

data handling procedure does not become too complicated. The wave-

length increment selected for this program is 0.05 micron. For

simplicity, only single scattering has been considered. The effect

of multiple scattering can be large in some cases and will therefore

be addressed later in the program.

Once the sources are adequately characteiized, the radiation-

target interaction must be considered. The only phenomenon treated

in this portion of the program is reflection. It is necessary to

know the bidirectional reflection characteristic!, of target components

as a function :f wavelength. In order to specify the angles of inci-

dence and reflection, it is necessary to know the directions of the

sources, the direction of the sensor, and the direction of the normal

to the target surface at the point in question. The direction of the

sensor is an assigned parameter. The target surface normal can be

9
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defined based on a combinatorial geometry algorithm developed by
1*

Armament Systems, inc. This report describes an initial approach

to modeling the direction, intensity, and spectral characteristics of

each of the relevant sources of irradiation.

The model described here is a first approximation to a final model

that will be used to predict the characteristics of naturally occur-

ring radiation incident on a target. The work described here reprPsents

the status of this portion of the Ground Target Signature program six

months after the inception of the program.

II. PROBLEM DESCRIPTION

The effort described in this report is the first step in predict-

ing the characteristics of radiation incident on a ground target. In

order to simplify the process at this stage, several limiting features

were incorporated into the model. First, the wavelengths being con-

sidered in this report extend from 0.4 to 1.7 microns in 0.05 micron

steps. This region was selected since it is of greatest concern at

the present time, and since limited validatiop could be performed in

the visual spectral region with equipment already on hand, Second,

the situations being considered in this report limit the input to those

from the sun and the cloudless daytime sky. The elimination of clouds

from the problem precludes the immediate need to mathematizally des-

cribe a cloud and simplifies correction and validation of the pre-

liminary model. Third, radiation incident on the target after re-

flection from the ground is not being considered at this time since

its effect is much less than that of the sun or sky. Also, except

for very simple terrestrial configurations, the amount and distri-

bution of radiation from this source would be much nore difficult to

model. Once a basic model has been generated and validated, these

perturbing influeces can be added separately to create a more general

model that can be applied for any set of precisely defined atmos-

pheric and terrestrial conditions.

References are Zisted on page 32.
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The model described ir. this report predicts the spectral irra-

diance (watts/um2 in a O.C5 micron band) reaching the groumd from the

sun and the clear daytime sky. The solar input is the solar irradiance

outside the atmosphere multipled by the atmospheric transmission to

the ground. The spectral irrad.ance produced by a defined segment

of sky is determined through thV format indicated in Figure 1.

A direct solar ray of irradiance Hs enters the atmosphere, and a
5

fraction T1 of this irradiance reaches a volume eiement within the

field of view, of a ground-based sensor. A certain fraction of the

radiation will be scattered within this element. The amount of energy

scattei-ed within the element and the mai.ner in which the scattered

radiation is distributed in space are determined from the total and

directional volume scattering functions. The radiation scattered

within the cone a is then attenuated along the path to the ground.

The transmission along this leg is T2 .

The total power ai-iving at the sensor, assumed for convenience

to have an area of one sq.,are centimeter, in the wavelength band LX is

the sum of the contributiu,.s from all volume elements within the field

of view. The result is

H = H f B(6)giT1 T2 dV , (1)

r=o

where r is the distance from the sensor to the scattering volume. H
5

can be removed from the integral since it has no r dependence. This

equation is strictly valid only for single scattering. Multiple

scattering occurs when the sky, in addition to the sun, is a source of

radiation which can be scattered into the field of view. It is of

particular importance at short wavelengths where the scattering ef-

ficiency is high. The effect of multiple scattering will be addres:,ed

later in the program. The next section will be devoted to determining

analytical expressions in terms of r for the various terms in equation

(1) based on physical, geometric, and environmental parameters.

11



III. EVALUATION OF MODEL INPUT VARIABLES

A. Evaluation of H
s

H is determined by an integration of the Planck radiaticn equation
S i

and can be expressed as

(2)
H s(watts/cm2 in AX) = v(sr) x N(watts/cm 2-sr) x D(fraction of i. in LX).

The quantity wN is a direct function of solar temperature '5750 degrees
10 13K), solar radius (6.955 x 10 cm), and 3olar distance (1.495 x 10 cm).

2 3 2The euitted solar irradiance is taken as 6.211 x 10 wattsicm . The

use of this value results in wN=0.1344 watts/cm2  This quancity is the
solar constant, and is usually given in units of c2ories/cm rain.

3 4
Other references give its value as 0.1350, 0.1393 i 0.0028, 4and

5 20.1392 watts/cm . For calculations in this report we will use the
2value rN = 0.139 watts/cm2.

The fraction of this irradiance in various wavelength oands is
given by X+AX X

D -[ N,dX fN dj/JXdX. (3)

o 0o 0

where N (watts cm-2 sr-l micron- ) is the spectral radiance. The

integral ratios given in equation (3) are tabulated irn Refercnce 2.
By assigning values to A (0.40, 0.45, 0.50, etc., microns) and AX

(0.05 microns), we can determine Hs, as tabulated in Table I. These

results are also shown in Figure 2 to provide a more graphic description

-.f the wavelength dependence of the function.

B. Evaluation of fldV

Both Q and dV can be determined from geometric parameters. Trhe

value of P, is approximated by A/r%, where A is the area of the sensor.
2 -2Since we are assuming a sensor area of ! cm , (l = r . The scattering

2 2volume is given by dV =rr tan dr, where a is the sensor field of

view. The product .QdV is then given by 7, tan dr. The final expression

12



is

SdV = 10-5 i tan2 dr, (4)

where dr is now expresbed in kilometers.

C. Evaluation of B(S)

The directional scattering efficiency B(6) is a measure of the

efficiency with which the incident irradiance is scattered into the

sensor direction by 1 cm3 of dV. It is a function of wavelength,

the scattering angle, and r, since the number of scattering particles

per cubic czntimeter decreases with altitude. Two expressions for B(6)

are required, since radiation can be scattered either by Rayleigh or

Mie particles.

The first step in determining B(6) is calculating 6 as a function

of the geometric parameters. The expression which results is

cos 6 = cos 6s cos L cos + sin OL sin 6s, (5)

where 0 s and L are the elevation angles of the sun and the sensor

field of view respectively, and 0 is the azimuthal angle between them,

These angles are specified as input parameters. The elevation and

azimuthal angles of the sun can be found in standard references. 6

equation (5) is plotted in Figures 3 to 6 for various values of 0s,
0 L, and .

Raleigh scattering, which is a special case of Mie scattering,

occurs when electromagnetic radiation impinges on particles that are

significantly smaller than the wavelength of the radiation. In this

problem the Rayleigh particles of importance are air molecules. For

unpolarized incident radiation, the equation describing the Rayleigh
.7

scattering is

13



22n') 2  26)
R NX 4'

where n is the index of refraction of air and N is the number of3
molecules per cm3 . The wavelength dependent portion of this expression

is (n'l), which is given for standard temperature ".d pressure a- aX4 I

ftmction of wavelength in Table 1. This information was extracP;d
8 1from Reference 7 which cited Kuiper. N can be shown to be 2.67 x 1019

moleculss pcr cm at zero degrees centigrade and pressure of 1013

millibars.

The altitude dependence of B(6) is determined from ideal gas laws

assuming an isothermal atmosphere. Both n-i and N decrease with

altitude as e-h/8, where h is the altitude in kilometers, 7 The scile

height of the Rayleigh atmosphere is 8 km, which is the altitude at

which the density of the atmosphere drops to one third its sea level

value. It is also the total height the Rayleigh atmosphere would have

if it were ali at sea level density. Our final expression is therefore

B()=2-fX10 5 (no0-I1)2 (1 + o! )e-~i /

R= N 4 L km-I sr . (7)N X
0

The subscript R indicates that it is the Rayleigh component of B(6);

the subscript o indicates sea level values of these quantities. The

only 6 dependence arises through the term 1 + cos 26. Therefore,there 3

is a two-to-one difference between the maximum and minimurm ,irect.vonai -

I
scattering efficiencies in a Rayleigh medium. This will be seen to I

contrast sharply with the p-roperties of Mie scattering that will be

discussed next.
1

14



r ie scatterig occurs whe,', xadiation impinges on particles Whase

radius is greater than or equivalent to the wavelen-th of the radiation.

The total Mie scattering coefficient is given oy'

1T,M R= kR~ KýR=O

In this equation it is assiunc.d that the droplets are spherica]. This

is a good assumption for droplets .omprising haze or fog. nR is the

n,uiber of •roplets per '.abic cehltimeter with radii between R and R+dR,

and KR is the scattering ar-a ratio which is a single-valuei fun-tion

of 2vR/•. KR2 which was first given by Houghton and ihalkcr, is

shown without fine structure in Figure 7. Physically, X is the ratiu

between the optical scattering cross section and the geometric cross

section of a particle. Dessens1 0 has estimated that the mean value

of R in continental hazes is 0.4 micron for a high (,v 78 percent)

relative humidity. If wo assuna that all droplets have this radius

and that the total Mie coefficient can be converted to a directional

Mie coefficient by intz'oducing a function of 5, equation (8) becomes:

008) -= 5,,0: x 10 n KRf(S) k r-1. (9).

K is given in Table I as a function of X for R = 0.4 micron.

n can be inferred from the horizontal visibility V through the

following procedure. The total scattering coefficient for a Dre-
11

dominantly scattering atmosphere is given by 0 = 3.912/V l where 8

is the ;um of the Rayleigh and Mie totrcl spattering coefficients in
= 1.0-4

the visual region. The total Mie coefficient T,,O 5.03 .V 0

K R km . IThe total Rayleigh coefficient can be found by integrating

equation (6) over the complete sphere resulting in-,2•(n-)2N (18)3 -2, 5ll)

cTRO 2 1)(0+Cos2 d.Q=• 4 i-1 (10)
f NA N

41r



This coefficient is listed in Table I as a function of A for the

visual portion of the spectrum.

The value of 81M0 can now be expressed as

0.7 (391

'TMO = gx - TR,O (I
A=0.4

fer the visual portion of the spectrum. The function g. is a weighting

factor representing the wavelength response of the human eye. The eye

response is shown in Figure 8 plotted from data given in Reference 2.

The curve was normalized to unit area, and the fractional areas in 0.05

micron steps were determined. These values of g are given in Table I.

A visibility can be assigned resulting in a value of 8T,M,O from 4
equation (11). When combined with KR in equation (8), n = n(V) can

be determined with the results plotted in Figure 9.

This procedure can now be applied for other wavelengths. A value

of V is assigned to determine n and a wavelength is assigned to deter-

mine KR. Then 8T,M is .3 x 10- n KR km. The results are shown

in Figure 10.

The angular distribution of the Mie scattered radiation can be

determined as fOliows. The total power in AA scattered from one cubic

centimeter of "ie particles is Hs ',M X 1- watts. The angular

distribution of this power is given by curves fouid in several places

in the technical liierature,!1,12 Vie form used in this r-eport ,ias

taken f-om Doirmendjian, These data were plotted as f(6) in

Figure 11 after norw'alization such that a
5

fr'dSw 1

4-F

steradians
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The variation of 8T,M + aTR with a altitude is indicated by

Middleton 1, citing Waldram.1 4 The curves are shown in Figure 12. The

letters assigned to some of these curves will be discussed in the next

section. It can be seen that there are large differences between the

various curves. On the average, the Mie volume scattering coefficient

varies with altitude as e-h/ 4 .1 km for h > one kilometer; however, it

should be noted that for high ground level values of BTM the rate of

decrease of TM with altitude is much more rapid at the lower altitude

than at the higher altitudes. The model used to approximate these

curves will be discussed in more detail in the next section, but

briefly the situation is as follows. If 0T is small [V > G(k)], theT|

altitude variation goes as IM = •TMO eh/4'lkm If V < G(X), the

curves are approximated by two line segments such that the scale height

is 4.1 kilometers for h > 1 km and a kilometers for h < 1 km. We will

now determine values for G(X) and a.

GCA) can be determined by specifying the value of 0TM at some

altitude, This specification was made somewhat arbitrarily by an

assumption that 0.1 km 1 at an altitude of one km.assumtion hat r,M, visual region

The curve passing through the RT, = 0.1 km" h = 1 km point, with a

scale height of 4.1 km,reaches the zero altitude line at 8 T,M = 0.128 km-1.

The visibility represented by 0.18visual rkei is
IT,~viualregion

designated G(A) and can be found by replotting Figure 10. The result

is shown in Figure 13.

The scale height of the lower atmosphere, a, can be determined

by finding the equation of the expone-Itial curve connecting the points

0.7

'TM = 3- 5.03 x 10-4 nK X, h = 0) and (OT,M = 0.1 km- 1 , h = 1 kin).

X=0.4

The result is a = -1/ln (0.1/"0 T,HO ), where OTMO is the Mie volume

17



scattering coefficient at ground level shown in Figure 10. After

substatuting h = r sin eL, the following expressions (an be applied

directly.

If V > G(A), 8 M = ,O e-(r sin 0L)/4.1 0 < r.)
aT,M OTM0L/.0

(12)

8 =T e r sin 6, In(0.1/ T,1 ,0) 0 < r < 1/sin L

If V < G()X), TM0L
0T 0.128 e-(r sin eL)/ 4 . 1 i/si 0L < r <• ,

where S T,M,= 5.03 x 10-4 n K.R- The directional Mie scattering

coefficient is then given by II
eB()M = 5.03 x 10-4 n KR f(6) B(r) , (13)

where

if V > G(A), B(r) = e (r sin OL)/4 .1 0< r <

B(r) = e r sin 0L In( 0 .1/0T,M,0) 0 < r< </sin 0 L (14)

if V < G(X), (
B(r) = e L/ 4 1  I/sin eL < r < -

D. Evaluation of T1 T2

The transmission over the two-legged path (Figure 1) is the product 3

of fob- individual transmissions. The transmissions through the

Rayleigh and Mie scattering components have already been mentioned.

There is, however, also absorption by water vapor and carbon dioxide,

which will be discussed using the geometry shown in Figure 14.

The horizontal transmission by the Rayleigh component of the atmo-

sphere is Tr, = exp (-r' 0T,R. However, for slant paths, 8TR is a

18



fumction of r' so we must evaluate the expressicr. T r =xp f B(r')dr].

To determine the form of B(Y") we must integrate equation (7j vith

respect to dR over all directions. The result is

B 32 3 (n-i) x 10 -(r' sin e )/8 km-l.. (1.5,BT, R~r Mx 4

When this value is substituted into the transdission equation using

the geometry of Figure 14, the result is

T, = exp [ TR, ersin "I/8 dr] x

o (16)

exp [ O8T,RO e- (r sin 6L + R sin eS)/8 dR] .

0

When the integrations are performed and the r dependence is factored out,

the resulting exvression is

TsiR 0]

exp [8- 1 1 ) e(r sin eL)/8] (17)1 ,, i sin0,6 L
where OT,R,O is given by equation (10).

The absorbing components of the atmosphere behave in a different

manner from the scattering compcnents. For convenience, we will define

a distance which contains the sai'e amotmt of absorbing material as the

19



total light path. This distance will be called the optical slant range.

The carbon dioxide optical slant range will be givan the symbol p.

It will be asswed here that since carbon dioxide is a permanent atmos-
pheric gas its concentration will decrease with altitude at the same

rate as the Rayleigh component. Thus, using the geometry of Figure 14,

r
Fe-(r' sin 0 )/8 (Y -r sin 0, + R sin eS)/8
p=eL dr' + e- -. ~S dR . (18)

Jf
0 0

When the integrations are performed and the r dependence is factored out,

the resulting expression is

8 • 1 1 -(r sin 6L)/8si 4I 8(-• Os ---- e eL km .(19)
~sin 8 sill sinG )e nL/k 1)I S L

This equation is pletted in Figures 15, 16, and 17. Several features

of these graphs are readily apparent, as listed below.

(1) When = OS, p is dependent on r.

(2) When 0 < GS, p increases with increasing r.

(3) When 0L > S, p decreases with increasing r.

(4) p 8 or 8 , whi--4tever is greater.

(5) Omin = 8 kilometers-, the co atmospheric optical depth. 3

It has been demonstrated 1S' 1 6 that carbon dioxide absorption can

be described by an error function absorption law, namely

z 2
T = - erf K(G) F-, where erf Z = 2 e-t dt. (20)

0

K(X) as used in this study was determined by plotting transmissicn

data given in liackforih, integrating uaider the curve in 0.0A micron

bands, and ,%conrerting the results to obtain a value of K(A) for that

bavd.
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The error function can be expanded in an infinite series as

Z2  Z4 (4l)nZ2nerf Z=2 1 + i- - ÷ + (1
0- " (2n+l) n!

The maxinkum value of K(X) in the 0.4 to 1.7 micron interval is

0.0075. The maximum value of p will be taker as 8/sin 10° = 46.07.

Thus Z = 0,0075 46.07 = G.0509. Therefore,

2x.05.09 0.002S9 0.0000067erf Zmax = o9 - . .0]+ (22)

Obviously, the second aud succeeding temt• can be ignored; thus our final

expression for carbon dioxide tTansmission is

T c = -- K(X• v-= 1 - ccX) ,p (23)

where p is given by equation (19). The values 0f a(A) are given in

Table I.

Absorption by water vapor follows a similar law, namely, 15

TH = 1- erf 2 AN (24)

where S(X'j is the water vapor error function absorption coefficient

and W is the number of centimeters of precipitable water vapor in the

light path. The distribution of water vapor with altitude can be

found on a graph relatLng the altitude and the mixing ratio (grams of

water per kilogram of dry air) for a ground level humidity of 7.35

grams of water per cubic meter of dry air. This curve was altered to

represent W* (cm of precipitable water vapor per km of hors zontal

path) as a function of altitude. The results are shown in Figure 18.
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It can be seen that on the logarithmic plot the low altitude

portion of the curve can be approximated by a straight line equivalent
to

W* = W* e-h(25

where W*, the ground level value of W*, is a function of temperature.
0

and relative humidity as shown in Figure 19.

W can be determined using the geometry of Figure 14. Thus,

r

w fW* e-r' sin L dr'f0

o (26)

+ fW* e-(r sin OL + R sin OS)/2 dR0

W

When the integrations are performed and the r dependence is removed, the
result is

2W* 0 1
W m + 2W*~. 1 L (27)oL 0 sin e IS ssinn 0/2

This equation is plotted in Figures 20, 21 and 22. Again, several 4

features of these graphs are readily apparent: I

(1) When aL = OS, W is independent of range.

(2) When L < OS, W increases with increasing range.

(3) When 0. > OS, W decreases with increasing range.

2W* 2W*
(4) W = 0 or 0o, whichever is greater.wax sin eS sin L

(5) W = 2W* , the water vapor atmospheric optical depth.
D 0

22
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The absorption coefficient was determined by integrating trans-
mission data given in Hackforth. 15 The maximum value was found to be

1.264. The waximum value of W will be taken as 2 x 10 = 116.3.
sin 100

Thuts Z 0.632 /1-6.3ir = 12.1. Since the error function seriesmax

expansion converges very slowly for this value of Z, a rational approxi-

mation to erf Z was found1 7 "18 for ease in programming the equation.

This approximation states:

TH = 1 - erf Z r 0.34802 0.09588
L (1+0.47047Z) (1+0. 47047Z) 2

(28)

+ 0.74786 1 e-Z2 + (Z)
(1+0.47047Z) e +

where I (Z) 2.5xi0-5 and Z = ( v/W= y(X) YV. y(;k) is given in
2

Table I.

The transmission through the M-,e scattering component again

requires separation on the basis of the ground level visibility. If

V > G(X), we cap use equation (12) and the geometry of Figure 14. The

result is

TM = exp - OT,M,O e-(r' sin eL)/ 4 . 1 drI x

o1 (29)

exp jfBTMO e-Cr sin +Rsin eS)/4.1 dR

This expression reduces to

TM= exp 0 sneL } (30)

exp .4.1 8TM I- - 1 -(r sin 8L)/4.1
e .T,, sin eS sin eL e
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If V < G(X), we must distinguish between the cases where r < 1/sin 8L 6

and r > 1/sin eL' The geometries associated with these cases are shown

in Figures 23 and 24. The values of 8 T,M for each segment are also 3
indicated on these Figures. When r < 1/sin 0 L (Figure 23),

- (Rsn S/4.1 d
exp 0. 128 e(Rsin S dR}

M fI

sin 1
ex - I Rsn8 n(./)d

fsin OLj (31)
rsin 0Si,L
sin O6

S

rI
exp f P er" sin aL ln(O.1/) dr

0

where T,M,O is given the symbol 8. This expression reduces to

TM=expl n(Ol) 0.1/lin(O.1/) + 0.41 Xsin 6L sin 6S (32)

exp 0 er sin a L ln(./)

[;:Lino-s ýUOLi

When r >l/sin 0L (Figure 24),

r sin 8L

sin G8S (33)sL O(R sir si )//4.1

exp 0.128 e d ,x
f

r si

exp 0.2 ein (rL erinO 1nL()/4.1 drw
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This expression reduces to

T = exp ("0" 1)/In(O.1/0) - 0.41- X
M sin 6L 

(34x

e -0.51 _• 1 e-( Sin YL)/4.11exp I -L

These expressions can be checked in part by evaluation at the

limits of applicability. If equations (32) and (34) are evaluated at

the point r = 1/sin aL, they are identical expressions, namely,

TM= exp sc-o'l)/lncO0"l/)- 0.41 (35)sin aL sin eS
L S

If r = I/sin eL is sutstituted into equation (30) and equations (30)

and (35) are solved at the limit V = G(A) (8 = 0.128), identical

expressions result, namely,

T=e 0.11 0.41TM= In O8L sin OSI (36)

One other check is available. If we let 8L = O = 90 degrees in

equation (36), vie should errive at the same solution as the horizontal

transmission solution of TM = exp (-R8), where R = 4.1 km (the Mie

scattering scale height for V = G(X) and 0 = 0.128). This also is

found to check, resulting in TM = 0.59.
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IV. OTILIZATION OF THE MODEL

As shown in Seztion I1, the problem can be reduced to the eval-

uation o! &i int#gral containing several r-dependent variables over

all values nf r. The integral in its most usable form is obtained by

reieriting equation (1) as

H = HS B(C)SITRTMTCTH dV (37)

Each of these variables has been evaluated as a function of r and A

earlier in this report. For convenience, the location of each will

now be summarized. H is given in Table I. The geometric variable

tidV is given by equation (4). B (6) is the sum of the components from

Rayleigh and Mie scattering. The Rayleigh component is described by

equation (7) where No = 2.67 x 10 19, (n -1)2/A4 is given in Table I,

and 6 can be determined from equation (5). The Mie component is de-

scribed by equation (13) where n is given in Figure 9, KR is given in

Table I, f(6) is shown in Figure 11, and B(r) is given by equatLons (14).

G(A), the visibility parameter, is given in Figure 13.

The transmission requires four terms, since scattering by Rayleigh

and Mie particles and absorption by carbon dioxide and water vapor

must be taken into account. TR is described by equation (17) where

OT,R,0 is given in equation (10). TM is described by equations (30),

(32) and (34) with G(X) again given by Figure 13. 0T,M,O is defined
as 5.03 x 10-4 nKR(X). Tc is described by equation (20) with a()A

given in Table I and p given by equation (19). '"H is given by equation

(28) where Z = y(X) R. y(X) is given in Table I, W is given in

equation (27), and W* can be determined from Figure 19.
0

A.i upper limit of infinity cannot be handled by the computer;

therefore, an upper limit was assigned based on the following procedure.

The most slowly converging term in the integral is the Rayleigh
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scattering term having a scale height of eight kilometers. We can

therefore determine the value of b for which

sin 0L b -r sin eL/8
8 e dr - 0.999

0

and be assured that substitution of this value for the upper limit in

equation (37) will result in an error in the value of the integral of

less than 0.1 percent. This value. of b is found to be 56/sin 0L'

These term can be combined and simplified. resulting in an

equation of the form

H A {IDe F+ GeHr} {exp [4 jeHr] I $exp [KeFr~j x

B

L .; g 0.34802 0.095388()
1- L •Fr_ F '(1+0.47047Z) (1+0.47047Z)2 + (38)

.74786 -z2 dr
(1+0. 47047Z) Sj

2 .9 10-1 (n0-i1) 2,1-18
where A =HS tan -exp D 2.3 x 1 x

29 2 4 -81

(1+cos 26) (no-l) 2/A, 4 = sin 0L/8, G = 1.58 x 10-8 nKRf(6 ),

K=9.9 x 10 1 2 (csc S -° sc a (P, -1 4 L = a(A),S e)(,L )T ,

M = 8(csc OS - csc nLd), and

S=-Y010 + 2W* (csc es cscO L) e-r sin 0L12
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The remaining inputs are functions of G(A), If V > Go), only

one integral is required and B = 0, C = 56/sin L 11= -sin 0/4.1,

I = -.4.la/sin eL, and J - -4.10(csc 0 - csc OL). If V < G(A), the

required solution is the sum of two integrals. The first is rep-
resented by B = 0, C = 1/sin 0Le H = sin eL ln(O.l/8),

= .....!In(0.1) 0.1/ln(0.1/6) + 0.41
sin 0L s:in 0S

snL S

J = a(csc e - csc OL)/in(0.1/8). The second integral is represerted

by B = 1/sin 6 L, C = 56/sin 6L, H = -sin 0L/ 4 .1,

= (-.l)/ln(0.l/)-.41 , and J= -0.51(cS csc L). The a which
sin ,L as - L

appears in these expressions is OTM,0 given by 5.03 x 10- nKR'

In order to provide a limited validation of pert of this m•del, a

comparison was made between the transmission predicted by the mc-del

from the ground level visibility and that determined £rc:.i actual values

of the altitude dependence of the visual spectruri volume scatcering

coefficient. The Mie transmission predicted by the model is given by
H

exn BMWrd . The value of B (Y) for this expression is

shown in Figure 25 as a function of the ground level visibility. Whor

V < G(X), two curves are requiled. As V app•-xaches G(A), the slope -f

the lower segment approaches that of the uppei, sagment. At V = C(A)

only one curve is required, and for furthez inwrease in V the entirý

curve is translated while keeping the same slope. The Mie transmission

along one of these curves to an altitude of aine kilometers is found

by letting aL equal 90 degrees and integrating equation (13) from

r = 0 to r = 9 km. %T,M,O is given by equation (11). The Rayleigh

transmission can be found by letting 3L equal 90 degrees and !ntegrat-

ing equation (15) frgm r n, 0 to z = 9 km. The product of the Rayleigh
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ana Wie transuissions represents the total transmission over the verti-

cal path to an altittule of nine kilometers as predicto'd by the model.

This procedure was applied to the curves labeled (al, •hrough (f)

in Figure 12. The individual curves were also approxiinaaed by a large

(.20) numbcr of straight line segments, the transmissicn over eadh

segment was determined, a.d the product of the transmissions was found

for each curve. The transmissions deter-ined by the two methods were

compared and errors of 3.9, 2.4, 1.2, 27.5, 0.8, and 10.5 percent were

fotud for curves (a) through (f) respectively. The large error on.

curve (d) resulted from the increase in OTM with altitude, which is

not a common occurrence on a clear day.

V. CONCLUSIONS

An atmospheric radiative transfer model based on single scattering

h" been described in this report. At this stage it is not known h.i

useful it is; however, certain features are clear. First, the geometry

shown in Figure 1 is generally applicable to problems of this kind,

provided multiple scattering can be ignored. Second, equaticn (I)

fully describes the geometry in the figure, although defining the

terms in the integral for non-ideal conditions will not generally be

so straightfoxward as described hero. Thir'd, it i; dJesireble to use a

simple modVel of hiis nature, siw.c- at the time a data point is desired

it is unlikel'y that detailed infirmation about the scattering and ab-

sorbing properties of the uper atmosphere will be known. Thus, some

measure of predictability based oi measueRe-its that can be made at

ground level is required.

In the course of this program, several sources of error have been

found. The errors tend to occur in three general classes. The first

clzss of errors results from simplifications and appraximations used

to keep the model from being overly complicated. One such error

resuis fi-om the atmospheric transmission model being based on a flat

eazth assumption. "The validity of this assumption is a strong fumction
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of e and 0 " An Analysis was made of this error source, and it was

found that the error is less than one percent, provided that both eL

and 6s are greater than five- degrees. Amother error in this class

results from t•ie manner in which the Mie scattering coefficient is

detisred from the visibility. The Mie scattering coefficient used in

the model is based on the number of droplets per cubic centimeter in
the volume element. It is assumed, for convenience, that all droplets

have the same radii, corresponding to a mean radius found in continental

hazes. In reality, however, there is a spread in radius. The effect

of this error is currently being analyzed.
The second class of error results from inadequate knowledge of

some of the basic i~lput parameters. Some of these uncertainties in-

clude the manner in which the concentrations of water vapor, carbon

dioxide, and water droplets vary with altitude, and the way the mean
droplet radius varies with the visibility. As better values for these
parameters become available, the model can be easily modified to ac-

commodate them.

Tae third class of error arises from basic limitations in the

modeling process itself. Consider, as an example, the transmission of

direct solar radiation. If we use best estimates of the manner in

which the concentrations of scattering and absorbing particles vary

with altitude, we can predict a vertical transmission which will be in

error by some amount because of errors we described as class two. If

now the sun is found to be in some direction other than vertical, this

error will be amplified because of the greater atmospheric path the

radiation traverses. For example, if our vertical transmission error

is +10 percent, a solar elevation angle of 30 degrees results in an

error of +21 percent and a solar elevation angle of 10 degrees results

in an error of +74 percent.

Another problem with a model of this nature is that predictions

of properties of the upper atmosphere are being made based on ground

level measurements. This, of necessity, limits the cases in which
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the model can be used. For example, if reflection occurs from temper-

ature inversion boundaries, the model cannot be applied to cases in

which an inversion layer exists.

Plans for the next six months include several phases. First,

some limited validation measurements will be made in the visual portion

of the spectrum, including luminance measurements of the sun and the

clear daytime sky. These measurements will be converted to radiometric

units .,nd compared to predictions made with the model. The effect of

multiple scattering will be addressed at this point.

Second, luminance measurements will be made of solar-irradiated

armor plate. These measurements will be compared with predictions

provided by the model after using available bidirectional reflectivity

data.

Third, the error analysis will be continued in an attempt to

define more accurately the conditions under which the model can be

utilized.

Finally, the effect of the ground as a radiation source will be

considered to determine those cases in which its effect may be ignored

and those in which its inclusion is mandatory.
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TABLE I

H (X) (n-1)
S

A (1-3 /c2 x4 K (A).(Microps) (10- /cm2) cm R a(X) yT) gA MT,R

0.40-0.45 8.40 2.69x10 3.81 0 0.161 0.0054 0.0343

0.45-0.S0 8.97 1.70 3.63 0 0.136 0.0615 0.0217

0.50-0.55 9.02 1.13 3.44 0 0.111 0.3437 0.0144

0.55-0.60 8.72 7.80x109  3.23 0 0.097 0.4164 0.0099

0.60-0.65 8.17 5.55 3.00 0 0.085 0.1582 0.0071

0.65-0.70 7.53 4.06 2.75 0 0.080 0.0149 0.0052

0.70-0.75 6.85 3.05 2.50 0 0.082
0.75-0.80 6.19 2.33 2.27 0 0.090

0.80-0.85 5.56 1.81 2.06 0 0.133

0.85-0.90 4.98 1.43 1.90 0 0.266

0.90-0.95 4.43 1.14 1.81 0 0.216

0.95-1.00 3.96 9.24x10 8  1.72 0 0.096

1.00-1.05 3.53 7.59 1.63 0 0.104

1.05-1.10 3.16 6.22 1.54 0 0.214

1.10-1.15 2.82 5.21 1.46 0 0.253

1.15-1.20 2.53 4.36 1.38 0 0.195

1.20-j1.25 2.27 3.7G 1.30 0 0.214

1.25-1.30 2.04 3.15 1.23 0 0.505

1.30-1.35 1.9 2.70 1.16 0.00214 0.753

1.35-1.40 1.65 2.33 1.10 0.00846 0 829

1.40-1.45 1.50 2.02 1.04 0.00779 0.957

1.45-1.50 1.33 1.76 0.99 0.00282 1.106

1.50-1.55 1.24 1.54 0.94 0.00282 1.120

1.55-1.60 1.11 1.35 0.90 0.00779 1.044

1.60-1.65 1.03 1.19 0.87 0.00846 1.003

1.65-1.70 0.92 1.05 0.84 0.00214 0.904
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